A new powder mixing/coating technique combined with selective laser melting (SLM) or hot isostatic pressing has been used to modify Ti-6Al-4V (Ti64) with Pd with the aim of further improving its corrosion resistance. The modified alloy samples were characterised in terms of porosity, surface structure, microstructure and composition using optical microscopy (OM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and electron microprobe analysis (EPMA). Their corrosion properties were evaluated via electrochemical tests and the mechanical properties measured via tensile tests. Using a new physical powder mixing technique, Pd was homogeneously distributed among the base Ti alloy powder particles without damaging their sphericity. After HIPing Pd is mainly located at grain boundaries while during SLM Pd has dissolved into the matrix. The porosity in the as-SLMed samples and surface roughness both increase continuously with increased laser scanning speed. Pd did not cause significant improvement in tensile properties but did enhance corrosion resistance in 2M HCl by shifting the corrosion potential into the passive region of Ti64. The current work suggested that A C C E P T E D M A N U S C R I P T
Introduction
Selective laser melting (SLM) is one of the additive manufacturing technologies that enable fabrication of complex freeform geometries directly from computer-aided design (CAD) models.
The technology is particularly attractive for manufacturing biomedical components and structures as it allows for new complex designs that could enhance both mechanical and biomedical compatibility. So far, it has been used to fabricate a number of complex biomedical parts and structures including various porous implants [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , femoral components [12] , human vertebra components [4] and dental parts [13] . A number of studies suggest that the selectively laser melted implants show excellent biocompatibility [1] [2] [3] [4] [5] [6] [7] .
At the same time, SLM is believed to be a promising method for synthesis of new composites or modified alloys. Recently, this method has been used to prepare a number of composites for different applications [14] [15] [16] [17] [18] . Vrancken et al [14] used this method to process mixed powder of Ti64 and Mo and suggested that the as-fabricated samples show tensile properties that are equal to or better than conventional β-titanium alloys. Attar et al [15] synthesised in-situ Ti-TiB composites by SLM of milled Ti-TiB 2 which were found to show refined grain structure and significantly improved tensile strengths although the ductility was degraded to some extent. Gu et al [16] [17] [18] developed TiC/AlSi10Mg nanocomposites with improved microhardness and tensile strengths and TiC/Ti nanocomposites with enhanced wear resistance by SLM. The report on using this new technique to enhance performance of existing biomaterials such as their corrosion resistance and biocompatibility, however, is lacking.
The key step to produce chemically and microstructurally homogeneous composites through SLM is powder mixing. So far, most of the powder mixing has been performed by ball milling
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which could easily damage the sphericity of original base alloy powder particles and also does not guarantee homogeneous distribution of the additive particles [14] [15] [16] . Very often, agglomeration of additive particles (especially nanoparticles) could still be observed and the added fine particles are usually separated from the main alloy powder particles after mixing [14] [15] [16] . These factors will all affect the distribution of additive particles among main alloy powder particles during the powder spreading stage of the SLM process and thus affect the consistency of microstructure and properties. An effective powder mixing method should not only give rise to homogeneous distribution of mixed powder particles but also keep the main alloy powder particles intact after mixing, particularly retaining the regular/spherical particle morphology that is preferable for SLM. Ideally, the additive particles should develop good bonding with main alloy powder particles after mixing so that they could be homogeneously spread with main alloy powder particles during SLM. This is particularly important for synthesis of a composite or modified alloy where the additive material is at low level. If the mixing method is not sufficiently effective, the additive material will not be widespread throughout the main alloy powder particles and the resultant SLM-built component. There are a number of such cases where the additive material is at low level in the field of biomaterials, for example, Pd-modified titanium and its alloys where Pd is usually added at a level of 0.04-0.25 wt.% [19] [20] . Low level addition of Pd or other platinum group metals to titanium and its alloys is an effective way to improve corrosion resistance in a range of media, particularly reducing acids [21] [22] [23] [24] . The conventional manufacturing route (casting + forging + machining) involves considerable waste of materials and expensive machining, which makes the production of Pd-modified titanium alloy parts for a limited number of applications expensive and time consuming. In the current study, a new powder mixing technique which involves no use of balls but only the use of
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mechanical centrifugal forces and has been proven to be effective in mixing different powder particles to a very homogeneous level within a short time (several minutes) and is capable of developing good bonding among different types of powder particles [25] , has been used to mix Ti64 and Pd powder particles. The mixed powder is then processed by both SLM and HIPing, the latter being used both to remove porosity from SLM-made components and because it is another effective net-shape manufacturing technology when combined with modelling [26] [27] .
Samples were characterised in terms of porosity, surface structure, microstructure, mechanical and chemical properties. Throughout this study, the feasibility of the proposed new route in synthesising modified biomaterials will be discussed.
Experimental
The base alloy powder used in this study is Grade 5 gas-atomised Ti64 powder supplied by TLS 
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power of 400 W and a maximum laser scanning speed of 4300mm/s. In the current study, 10x10x10mm cubic samples have been fabricated at a constant laser power of 400W but with different laser scanning speeds ranging from 1300mm/s to 4300mm/s. All the samples were fabricated using an "island scanning" strategy which has been detailed elsewhere [28] . Selected powder samples and SLMed samples were also hot isostatically pressed at 930℃/ 100MPa/2hours followed by furnace cooling for comparison.
Samples were ground using grinding papers successively from 240 grit up to 2500 grit before Elongated blocks (70x10x10mm) were horizontally built at 400W-2300mm/s using the M2
Cusing SLM with some being subsequently subjected to post-build HIPing at the conditions given earlier. The so-obtained samples were then machined into suitable specimens for tensile testing. The tensile tests were performed at room temperature using a computer-controlled electric screw driven Zwick/Z100 tensile testing machine and the tests were conducted under strain control mode at a strain rate of 1.0x10 -3 s -1 . Tensile fracture surfaces were examined using SEM. 
Results
Powder characterisation
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the as-received Ti64 particle size range (45-70µm). Pd particles (bright particles) were found to homogeneously distribute among the Ti64 powder particles and develop good bonding with the Ti64 powder particles. This is significant for the development of new alloys and composites with good chemical and microstructural homogeneity and consistent properties through either powder metallurgy or additive manufacturing processes. To investigate the influence of Pd on the microstructure and properties, Ti64 samples with and without Pd have been studied. Figure 6 shows the microstructure of Ti64 and Ti64-0.2Pd samples produced using different processes. It is clear that the forged+heat treated Ti64 sample generally consists of equiaxed α grains with β phase mainly located at the "triple-points" of the Table 1 ). Figure 9 shows the tensile properties of Ti64-0.2Pd samples prepared using different processes.
Structural integrity and microstructure
Tensile behaviour
Among all the samples, the as-SLMed (2300mm/s) Ti64-0.2Pd sample shows the highest strengths with 0.2% yield strength (YS) of 950MPa and ultimate tensile strength (UTS) of 1020MPa but lowest elongation of 8%. HIPing improves the ductility but also causes reduction in strengths, which is consistent with previous report on Ti64 [28] . (Figure 10(a-b) ) shows a fracture surface containing quite a few steps which are likely to be due to a faceted and planar fracture. Apart from that the majority of the surface area seems to be fairly smooth at micron level as compared with the samples that have been
HIPed (Figure 10 (c-f)) where a large number of fine dimples are widespread throughout their
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fracture surfaces creating rougher surfaces at micron level, suggesting more ductile fracture during tensile testing.
Corrosion behaviour
To investigate the influence of Pd addition and manufacturing process on the corrosion resistance of Ti64, electrochemical testing has been undertaken in 2M HCl at room temperature on both Pd-free and Pd-modified Ti64 samples produced by SLM and HIP processes.
Polarisation curves for these samples are shown in Figure 11 . It is obvious that the as-HIPed
Ti64 shows a corrosion behaviour similar to the commercial wrought counterpart (Figure 11(a) ), both exhibiting an active anodic corrosion region before moving to the passive region in the first two sweeps. After that, the corrosion potential (or open circuit potential (OCP)) directly moves into the passive region of Ti64 without experiencing an active anodic region, suggesting that the passive films developed in the first couple of sweeps have become highly corrosion resistant.
The as-SLMed Ti64, in contrast, shows an increased OCP, resulting in no active anodic corrosion region on the early sweeps. Instead it goes directly into the passive region, implying that the as-SLMed microstructure is more corrosion resistant than wrought or HIPed samples probably due to its much coarser grain structure and more homogeneously and densely distributed β lamellae. Pd addition also helps shift the corrosion potential into the passive region for Ti64 (see Figure 11 (d)-(g)), thereby eliminating the active anodic region. Moreover, it is noted that the SLM-processed Ti64-0.2Pd samples (Figures 11(e )-(g)) tend to show more consistent polarisation behaviour than the as-HIPed counterpart in different sweeps, implying that the former may have developed more stable passive films from the very beginning of the
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ACCEPTED MANUSCRIPT electrochemical test. The sample fabricated at higher laser scanning speed (Figure 11(f) ) which contains more porosity was found to show increased OCP but comparable passive current as those with lower porosity (Figure 11(e ), suggesting the influence of pores on corrosion resistance in the current solution was not manifested during these tests but longer term and more extensive testing is needed.
The electrochemically tested samples were also studied using OM, SEM and EPMA and the results are shown in Figures 12-15 . All the samples experience a certain level of attack during the testing, but the extent is quite different. The wrought and as-HIPed Ti64 samples obviously have undergone severe attacks with a number of grains having been corroded away ( Figures   12(a)-(b) ). Within the surface of the as-SLMed Ti64, only some large columnar grains were dissolved (see Figure 12 (c)). In contrast, the Pd-containing samples (Figure 12 
Discussion
The current experimental results demonstrate that the laser scanning speed shows significant
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influence on porosity and surface structure development for Ti64-0.2Pd samples during SLM.
With the increase of laser scanning speed, the internal porosity increases continuously and the surface structure becomes increasingly irregularly-shaped and complicated with the development of surface pores and discontinuities. The latter obviously indicate increasingly unstable melt flow with increased laser scanning speed. A similar phenomenon was observed in previous work on SLM of Ti64 and Invar 36 where increases in laser scanning speeds increased the flow velocity and instability of the melt pool [29] [30] [31] . Unstable melt pools tend to raise material away from the build surfaces rather than allow it to spread steadily along laser scanning direction [29] , which is liable to cause development of cave-like pores (Figure 4 (e-f)) and elongated pores at the interfaces between layers as observed in Figure 3(c) . Moreover, at a constant laser power but with increased laser scanning speed, the input energy density would become smaller and it is more likely that the previously deposited layer is not sufficiently remelted and bonded with the fresh layer, leading to poorer mechanical integrity.
The use of the new powder mixing technique was found to have not only homogeneously mixed two types of powder particles but also deformed the Pd particles such that they bond to the main Ti alloy powder particles without damaging the sphericity of the latter. This is very important for synthesis of composites or modified alloys through powder metallurgy or additive manufacturing as one of the major concerns has been to ensure the microstructural and chemical homogeneity and powder mixing is the key step to achieve the goal. The short powder mixing duration (at a level of several minutes) is probably the principal factor in reducing the opportunity for deformation of the base Ti64 powders. The development of bonding between two dissimilar types of powder particles is believed to be due to the difference in their mechanical properties such as hardness and malleability. As Pd particles are more malleable than Ti64 particles, they
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may have been smashed by the centrifugal force and coated over the Ti64 particles as observed in Figure 2 .
The added Pd exists as particles mainly located at grain boundaries in as-HIPed samples but was found to be completely dissolved into the matrix of the main alloy with homogeneous distribution after SLM. The addition of Pd did not change tensile properties significantly but did lead to great improvement in corrosion resistance by shifting the corrosion potential into the passive region for Ti64 ( Figure 11 (Figure 12(c) ). With the addition of Pd, even the as-HIPed sample did not display the active anodic stage, probably due to the presence of Pd at grain boundaries which has improved the corrosion resistance there ( Figure   7(b) ). It is noted that there is no obvious change in composition on sample surfaces before and after corrosion in the present study (Figures 14-15 ). This seems to be different from previous studies which suggest that, during corrosion periods, Pd would be enriched in the sample surface either by preferential dissolution of Ti [33] [34] [35] [36] or dissolution of both with subsequent redeposition of Pd on the corroded surface [23] . The difference may be due to the fact that in the
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ACCEPTED MANUSCRIPT current work, the Ti64 and Pd powders have been homogeneously distributed, which thus gave rise to more homogeneous distribution of Pd in the as-SLMed sample (as evidenced in Figure 15 ) that is beneficial for development of strong passive film in the very beginning of corrosion. As for the as-HIPed sample, Pd may have still been localised at grain boundaries even after corrosion, and the damage seen is slight enough not to have dissolved out entire grains, hence no further grain boundary Pd has been revealed. The difference in the distribution of Pd in the as-SLMed and as-HIPed samples is also believed to account for the difference in corrosion behaviour. The former show more consistent corrosion behaviours during sequential sweeps when compared with the latter, as shown in Figures 11(d) -(e)), with more homogeneous distribution of Pd in the former sample probably having helped develop a stronger and more stable passive film from the very beginning of corrosion test.
The presence of a certain level of porosity in as-SLMed Ti64-0.2Pd samples was found not to cause significant influence on corrosion behaviour (Figure 11 (e)-(f)) in the short term tests and there is no evidence to show that the pores would be the preferential attack sites during the corrosion test. This is important as it gives a wider processing window for producing these kinds of materials without compromising properties significantly, although longer term testing is clearly required.
Based on the preliminary results obtained in the present work, the new processing route, which includes the use of a new powder mixing/coating method combined with SLM or HIPing, is a feasible and efficient route to produce modified biomaterials with improvement of specific properties. (ii) The added Pd exists in the form of particles present mainly at grain boundaries after HIPing but has been completely dissolved into the matrix of Ti64 after SLM.
Conclusions
(iii) The addition of Pd did not change the tensile properties of Ti64 significantly but greatly improved its corrosion resistance particularly for the as-HIPed sample.
(iv) The porosity, surface roughness and irregularity of surface structure of the as-SLMed samples increase continuously with increased laser scanning speed, which is believed to be due to increasingly unstable melt flow.
(v) The presence of a certain level of porosity (around 1%) in as-SLMed Ti64-0.2Pd samples did not lead to obvious degradation of corrosion resistance.
(vi) The proposed new route, involving the combined use of a new powder mixing technique and SLM or HIPing, is feasible and efficient in producing modified titanium alloys with improved specific properties. 
